We studied cement-like solidification process for low-level liquid waste with relatively high levels of radioactivity that contains a high concentration of sodium sulfate. For this type waste, it is important that the sulfate ion should not dissolve from the solid waste because it forms ettringite on reaction with minerals in the concrete of the planned repository, and this leads to cracking during repository storage. It is also preferable that the pH of the pore water of the solid waste be low, because the bentonite of the repository changes in quality on exposure to alkaline solution.
Introduction
Activation products in the cooling water of nuclear reactors are removed by ion exchange resin in the purification system. Low-level liquid waste with relatively high levels of radioactivity is generated by the sulfuric acid elution treatment of spent ion exchange resin used in nuclear power plants. We studied cement-like solidification process for this type waste that contains a high concentration of sodium sulfate. This waste is currently stored on-site and will be disposed of underground after a solidification treatment in the future.
The planned repository for low-level waste with relatively high levels of radioactivity will be constructed underground at a depth of 50 m or more and have a multi-barrier system of both engineered and natural barriers (1) . The engineered barriers will be made of both cement-based materials and bentonite. External sulfate attack on concrete, e.g. monosulfate phase conversion to ettringite in sodium sulfate solution (2) , is widely known and causes expansion and cracking of cement-based materials.
Therefore, when solidifying waste that contains a high concentration of sodium sulfate, it is important that the sulfate ion should not dissolve from the solid waste in order to prevent degradation of the barrier ability after disposal.
Na-montmorillonite, the main mineral of bentonite, becomes Na-beidellite or Ca-montmorillonite in solution with high NaOH or Ca(OH) 2 concentration (3) . The dissolution rate of montmorillonite depends on the pH of the solution, so it is preferable that the pH of pore water of the solid waste be low.
This paper outlines our cement-like solidification process and describes our experimental study on sulfate ion solubility in the solid waste formed by the process.
Solidification Process
Our solidification process has two procedures: conversion into insoluble sulfate from sodium sulfate (CIS) and formation of low pH cement-like solid (FLS). An outline of the process is shown in Fig. 1 . In the CIS procedure, barium sulfate (BaSO 4 ) is produced by mixing barium hydroxide octahydrate (Ba(OH) 2 ･8H 2 O) with the liquid waste containing a high concentration of sodium sulfate (Na 2 SO 4 ). In the FLS procedure, the NaOH solution including the barium sulfate precipitate is transformed into a solid by adding silica fume (SF) and blast furnace slag (BFS).
The CIS chemical reactions are as follows. After the CIS procedure, the liquid waste includes NaOH and barium sulfate precipitate and it hardens without using cement by the addition of alkali-activation materials, SF and BFS, in the FLS procedure. SF consists primarily of amorphous silicon dioxide and sodium silicate is easily formed by the reaction of SF in NaOH solution. BFS, which was ground granulated BFS in this work, is an amorphous material, too. But, it consists primarily of silicates, aluminosilicates, and calcium-alumina-silicates. The amount of the sodium silicate formed in the reaction of SF in NaOH solution is more than formed in the reaction of BFS. Then, the higher the SF/BFS weight ratio is, the lower the pH of pore water in the solid waste is: for example, at SF/BFS weight ratio = 0, pH = 13 and at SF/BFS weight ratio = 1, pH = 11 − 11.5.
Another reason for selecting SF and BFS is their different particle sizes which are sub µm order and about 10 µm, respectively. SF particles can fill spaces between BFS particles which allows for higher density packing of the solid waste. Then, as the transportation of BaSO 4 slurry in CIS (conc. 20 wt.%) is somewhat poor, CIS and FLS are done sequentially done with the same container.
Experimental

Sample Preparation
The composition of the simulated liquid waste (Table 1 ) was adjusted to the same composition as actual waste. Some soluble sulfates were dissolved in deionized water at about 60°C and aged a few days. The pH of the simulated liquid waste was about 7.
Next, Ba(OH) 2 ･8H 2 O was added to several portions of simulated liquid waste for CIS; various BaSO 4 slurry samples were produced with three experimental parameters as follows: Ba/SO 4 molar ratio, reaction temperature, and time.
Typical conditions were: Ba/SO 4 molar ratio = 1.3, reaction temperature = 60°C, and time = 3 hr. The parameter ranges are listed in Table 2 .
After curing, the solid waste samples were removed from the containers and their uniaxial compressive strength and bulk density were measured. The pore size distributions of samples were measured by mercury porosimetry (Auto Pore III 9400, Micromeritics Instrument Co.). X-ray diffraction pattern of samples was taken with a Rigaku Multiflex diffractometer using Cu Kα radiation (40 kV, 40 mA).
Leaching Tests
After the 40−day curing, some crushed and uncrushed samples were soaked in deionized water for a maximum of 1 year at room temperature. Other crushed and uncrushed samples were soaked in underground water. These were all done in a glove box filled with argon gas. Ranges of liquid to solid ratio were from 5 to 1000 L/kg. Two kinds of leaching tests were done: in one the liquid was not replaced throughout the whole leaching test period and in the other, the liquid was replaced at fixed times. For crushed sample, this was 2 weeks and for uncrushed sample, this was 1 month. Crushed sample could pass through a mesh size of 355 µm but not a 212 µm mesh. The sulfate ion concentrations in the liquid phase that could pass through a 0.45 µm syringe filter were measured by ion chromatography (DX-320, Dionex Co.).
Results and Discussion
Properties of Solid Waste
All the samples in this section were prepared at the typical conditions: Ba/SO 4 molar ratio = 1.3, reaction temperature = 60°C and time = 3 hr. Table 3 lists the uniaxial compressive strength and the bulk density of 6 solid waste samples after 3 different curing periods. The average compressive strength of the solid waste samples after curing 40 days is 13.3 MPa, which is stronger than the current Japanese regulation strength for homogenous solid waste of 1.47 MPa.
The uniaxial compressive strength of the solid waste samples shows a tendency to increase with curing period. This means that cement-like hydration in the solid waste samples continued beyond one year. The average bulk density of the solid waste samples is 1.7 x 10 3 kg/m 3 which is constant in the present experimental curing time range. Figure 2 shows the pore size distribution of 3 solid waste samples. The most common pore size is small, from 10 to 100 nm. This is almost equal to the pore size of cement paste (4) , (5) . Table 4 shows total intrusion volume, average pore diameter, bulk density at 1.5 psia, apparent density and porosity of the solid waste samples. These were obtained from measurements of the pore size distribution. The bulk density at 1.5 psia means the bulk density of the sample without pore water, so the bulk density of the sample with pore water is calculated as follows.
water solid total Here D total is the bulk density of the solid waste sample with pore water, D solid is the bulk density of the solid waste sample without pore water, which is almost equal to bulk density of the solid waste sample at 1.5 psia, and D water is the weight of the pore water in the porosity of the solid waste sample when the volume of the solid waste sample is equal to unit volume. D total of 1.7 x 10 3 kg/m 3 is obtained from eq. (3) and Table 4 . This value is equal to the bulk density listed in Table 3 . This means that almost all pores of the solid waste sample have been filled with water. Figure 3 shows the X-ray diffraction pattern of a solid waste sample. All the peaks belong to BaSO 4 and no peaks for Na 2 SO 4 are detected. This suggests that the CIS reaction yield, i.e. conversion from Na 2 SO 4 to BaSO 4 , is very high. Background intensities which were determined as the base line intensities for the X-ray diffraction pattern of a crystalline material, e.g. BaSO 4 , were subtracted from the X-ray intensities. Then, there are broad peaks corresponding to non-crystalline materials. One broad peak is especially high in the 2θ range of 20 − 40 deg and this region is not equal to the broad peak region of the original SF and BFS.
This suggests that non-crystalline product has been formed by the alkali-activation reaction in FLS. Figure 4 shows the leaching test results of a crushed sample for each waste sample prepared at various Ba/SO 4 molar ratios.
Ba/SO4 Molar Ratio
Solid waste samples were prepared at the reaction temperature of 60°C and time of 3 hr for SO 4 concentration of the liquid waste sample of 10 wt. %. The liquid was not replaced throughout the leaching test period of 2 weeks. Generally, the sulfate ion concentration in the liquid phase shows the tendency to decrease with larger Ba/SO 4 molar ratio.
This means that the CIS reaction yield should be promoted by an excess amount of Ba in the container. But, for Ba/SO 4 molar ratio over 1.3, the sulfate ion concentration in the liquid phase has almost a constant Fig. 4 Leaching test results of various Ba/SO 4 molar ratio samples value, about 6 ppm. The reaction yield might reach a limit, i.e. a certain amount of Na 2 SO 4 might be formed even if an excess amount of Ba is very added for co-precipitation of Na with BaSO 4 . Also, pH of the liquid phase has almost a constant value, 11, below Ba/SO 4 molar ratio of 1.25 and pH increases for Ba/SO 4 molar ratio above 1.25 in Fig. 4 . This suggests that the amount of the soluble barium compound increases with an excess amount of Ba for Ba/SO 4 molar ratio > 1.25.
The acceptable value of the sulfate ion concentration in the liquid phase is selected as under 50 ppm based on the sulfate ion concentration in underground water in the Tono area (6) . The acceptable pH value of the liquid phase is selected as below 11.5 based on the pH of pore water in ordinary Portland cement of 13. Using these acceptable values, the range of appropriate Ba/SO 4 molar ratio is from 1.1 to 1.5 in the present solidification process. If the sulfate ion concentration in the liquid waste is known within an error of ±15%, the Ba/SO 4 molar ratio can be made within 1.1 to 1.5 by controlling the amount of added Ba. Measuring the sulfate ion concentration with good accuracy in a commercial plant is difficult and/or costly. Then, this solidification process has good practicality because the Ba/SO 4 molar ratio is sufficiently wide. Figure 5 shows the leaching test results of crushed and uncrushed samples at various liquid to solid ratios, 5 − 1000 L/kg. Solid waste samples were prepared (Ba/SO 4 molar ratio = 1.3, reaction temperature = 60°C, time = 3 hr) for SO 4 concentration of the liquid waste sample of 20 wt. %. In the tests changing liquid for a fixed time, the horizontal axis shows the total amount of the changed liquid. The sulfate ion concentration in the liquid phase decreases with the amount of the liquid. The pH of the liquid phase decreases with the amount of the liquid, too. At liquid amount = 1000 L/kg-s, the sulfate ion concentration in the liquid phase is 1 ppm which agrees with the sulfate ion concentration of pure BaSO 4 saturated solution. Then, the sulfate ion concentration in the liquid phase is higher than 1 ppm because the soluble sulfate in the solid waste sample has dissolved.
Dissolved Sulfate Ion from Solid Waste
The sulfate ion concentration in soaking underground water is almost equal to the deionized water results plus the concentration in underground water, i.e. 15 ppm. The pH in soaking underground water is almost equal to the deionized water result. Then, no chemical reaction of the solid waste samples and underground water is caused. Figure 6 shows the cumulative mass of the sulfate ion released from the solid waste samples into the liquid phase. The cumulative mass reaches almost a constant value when the solid waste sample loses all of the soluble sulfate compound. The CIS reaction yield is obtained by the cumulative mass at 1000 L/kg-s. The soluble sulfate compound ratio is equal to 10 −3 kg/kg-s divided by the sulfate ion in the solid waste sample, i.e. 6 x 10 −2 kg/kg-s. Because the soluble sulfate compound ratio is 1.7 %, the CIS reaction yield is 100 − 1.7 = 98.3 %.
The pore water of the solid waste might be replaced by underground water inside the repository. The mean residence time of the underground water in the solid waste is equal to a half the solid waste height divided by the underground water flow velocity. For a cube of solid waste, e.g. 1 m x 1 m x 1 m, the mean residence time is 250 -2500 years when the underground water flow velocity is 2 x 10 −3 − 2 x 10 −4 m/year. The pore water volume of the unit mass solid waste is calculated as follows. total porosity pore
Here V pore is the pore water volume of the unit mass solid waste, R porosity is the porosity of the solid waste, D total is the bulk density of the solid waste with pore water. V pore of about 0.3 L/kg-s s is obtained from eq. (4), Table 3 and Table 4 . Then, 1000 L/kg-s corresponds to 1000 L/kg-s / 0.3 L/kg-s x (250 − 2500 years) = 7.5×10 4 − 7.5×10 5 years. Thus, it might be possible for 98% or more of sulfate ion to remain in the solid waste through the period of 100,000 years after disposal by the present solidification method. The sulfate ion concentration of underground water in this work is 15 ppm, which is almost equal to the concentration of the JNFL site (7) . Then, the amount of the sulfate ion that flows in the repository in underground water is 1.5 × 10 -2 kg/kg-s for the total amount of water of 1000 L/kg-s. The amount of the released sulfate ion is only 10 −3 kg/kg-s, this corresponds to 7 % of the amount of the sulfate ion that flows in the repository in underground water.
The present solidification method is suitable for solidifying low-level liquid waste with relatively high levels of radioactivity that contains a high concentration of sodium sulfate because the amount of the dissolved sulfate ion is small for a long time after disposal and the influence on the barrier system of the repository is small. Figure 7 shows the CIS reaction yield obtained when the sulfate ion concentration in the liquid phase is 10 L/kg-s. Solid waste samples were prepared at the Ba/SO 4 molar At 60°C reaction temperature, the reaction yield increases with the reaction time. The reaction time must be 3 hr or more for 98 % or more reaction yield. This yield can be achieved in 1 hr at reaction temperatures of 70°C or 80°C. The reaction temperature and time should be decided in consideration of the cost and the performance of the solidification equipment when solidifying actual waste in the future.
Reaction Temperature and Time
Conclusions
The cement-like solidification process was applied for the waste that contains a high concentration of sodium sulfate. This process was composed of two procedures: conversion into insoluble sulfate from sodium sulfate (CIS) and formation of low pH cement-like solid (FLS). The most important results were as follows:
(1) The reaction yield of CIS, conversion from Na 2 SO 4 to BaSO 4 , was very high. All the peaks for the XRD pattern of the solid waste belonged to BaSO 4 and no peaks belonged to Na 2 SO 4 . (2) The solidification process had good practicality because the Ba / SO 4 molar ratio was wide, with values of 1.1 − 1.5. (3) The solidification process was suitable for low-level liquid waste with relatively high levels of radioactivity that contains a high concentration of sodium sulfate because the CIS reaction yield, i.e. conversion from Na 2 SO 4 to BaSO 4 , was 98 % or more. 
